Overview of the concept ofoxidative modification ofLDL
There can be no doubt now that there is a continuum of increasing risk for complications of atherosclerosis when plasma cholesterol levels exceed 160-180 mg/dl. Many types of experimental and clinical evidence substantiate the "cholesterol hypothesis." Many primary and secondary prevention trials, including the recent angiographic trials (CLAS and FATS) document that reduction of plasma cholesterol is as powerful as has been predicted in slowing the progression and clinical expression ofcoronary atherosclerosis. However, the cellular and molecular mechanisms linking hypercholesterolemia to atherogenesis and its sequelae remain unclear.
If lowering ofLDL is efficacious in ameliorating the atherogenic process, why then should one bother to understand the mechanisms? Simply because lowering LDL will not be a total solution. Although it may be true that ifcholesterol levels were reduced to < 150 mg/dl there would be little if any coronary artery disease (CAD),' it is not likely that this will occur any time soon. At any given level ofLDL there is great variability in the clinical expression of the disease. Patients with heterozygous familial hypercholesterolemia exhibit a striking diversity in the age at which they develop CAD, and even patients with homozygous familial hypercholesterolemia, in whom plasma cholesterol levels exceed 800 mg/dl, may differ by as much as 30 yr in the age at which CAD is expressed clinically. This striking diversity in the expression of CAD undoubtedly reflects the complex and multifactoral events involved in the reactions of the artery to hypercholesterolemia that result in atherosclerosis. In other words, there must be intervening events linking hypercholesterolemia to morbidity and mortality. While the discussion below will focus on the role that oxidative modification of LDL plays in this process, other factors may also play a crucial, perhaps even a dominant role in the ultimate expression of CAD in any individual.
The early fatty streak is the precursor lesion which subsequently leads to development ofthe intermediate and the final complicated lesion of atherosclerosis. Consequently, much at-tention is now focused on understanding the etiology of the fatty streak and the mechanisms by which monocyte-derived macrophages, the chiefcell type ofthis lesion, accumulate cholesterol from LDL (1) .
The concept that modification of LDL is a prerequisite for macrophage uptake and cellular accumulation of cholesterol has been reviewed in detail elsewhere (2) . It was Goldstein and Brown who first proposed that modification of LDL was a prerequisite for macrophage uptake (3) . They showed that a chemical derivatization, acetylation, led to enhanced macrophage uptake by a novel receptor, termed the "acetyl LDL" receptor (to distinguish it from the LDL receptor). Other similarly chemically modified forms of LDL such as malondialdehyde-conjugated LDL (MDA-LDL) were recognized by the same receptor (4) . Studies in this laboratory showed that incubation of LDL with cultured endothelial cells, or smooth muscle cells, converted it to a form taken up much more rapidly and in a saturable manner by macrophages, in part by way of the acetyl LDL receptor (5) . Subsequently, the modification induced was shown to be due to oxidation (6), a finding confirmed for smooth muscle cell-induced modification as well (7) . In important parallel studies, it was shown that LDL was cytotoxic to endothelial cells and smooth muscle cells and that the cytotoxicity depended on oxidation of the LDL during the incubation (8) . Many studies have now documented that oxided LDL (Ox-LDL), produced by a variety of different techniques, shows enhanced uptake in macrophages, and can lead to cholesteryl ester accumulation and foam cell formation (1, 2) . Although it is beyond the scope of this review, it should be noted that a number of other modifications of LDL convert it to forms taken up more rapidly by macrophages. These include: other types of chemical modifications, self-aggregation, complex formation with a variety ofother macromolecules, including proteoglycans and various matrix proteins, and immune complex formation leading to macrophage uptake via Fc receptor pathways (see reference 2).
What is Ox-LDL?
Oxidation of LDL can be induced by incubation with cells in culture (endothelial cells, smooth muscle cells, or macrophages), or by incubation with a heavy metal ion such as copper (Fig. 1 ). In addition, LDL can be oxidized by incubation with crude soybean lipoxygenase (9) . Several lines of evidence suggest that oxidation induced by endothelial cells (10) or by macrophages ( 11) depends on lipoperoxides generated intracellularly and then transferred to the LDL. Cellular lipoxygenases, especially 1 5-lipoxygenase, appear to be involved (10, 1 1). Alternatively, reactive oxygen species, such as superoxide anion, may be secreted into the medium, leading to initiation of lipid peroxidation in the LDL. This mechanism may predominate in smooth muscle cells (7) . Once the LDL is "seeded" with In practical terms, there is considerable variability in products formed from preparation to preparation even when efforts are made to hold conditions constant. These differences may depend on the cell type used to initiate the oxidation, the metal ion concentration in the medium, the composition of the medium itself, the incubation conditions, and of course, differences in the inherent susceptibility to modification ofdifferent LDL preparations (as discussed further below). Many investigators are now oxidizing LDL and using them in biological studies, in cell culture or in vivo. The variability in such preparations must be appreciated and the fact that varying "operational methods" to measure the extent of LDL modification may reflect different chemical events, or stages of oxidative modification. In Fig. 1 we have also listed the operational methods in common use for following LDL oxidation. For example, it is likely that decreases in vitamin E and , 8-carotene are early events reflecting the initial stages of lipid peroxidation. Increased absorbance at 234 nm (indicative ofconjugated dienes), increased chemiluminescence and increased peroxides determined by iodometry are all indicative oflipoperoxide formation and the accompanying rearrangement ofdouble bonds. As fatty acids are oxidized, the content of intact polyunsaturated fatty acids decreases and as conjugation ofaldehyde fragments to apo B occurs, immunoreactivity with antibodies specific for such adducts can then be found. As lysine residues are blocked, LDL uptake by fibroblasts is decreased and finally, as the epitopes on Ox-LDL that are recognized by the macrophage receptors are formed, enhanced uptake of the Ox-LDL by macrophages will occur. Thus, a commonly used laboratory technique, such as measurement of TBARS, will be a reasonable (albeit nonspecific) indication of lipid peroxidation, yet not necessarily be indicative of increased macrophage uptake. In this laboratory we have operationally defined "biologically modified LDL" as an Ox-LDL that is taken up via the scavenger receptors on macrophages. However, as seen in Fig. 1 , many changes in the LDL particle may have occurred before reaching that stage and those changes may have important biological consequences. Some laboratories have used the term "minimally modified LDL" to designate a partially Ox-LDL made either by allowing native LDL to age for months, or by incubating LDL in the presence of iron for varying periods of time (16) . Such partially oxidized LDL particles have a number of effects on the expression of gene products when incubated with specific cells in culture (as noted below). It is likely that one or more soluble, oxidized products have been created by such a partial oxidation. Evidencefor the presence in vivo ofOx-LDL The evidence for the presence in vivo of Ox-LDL has been reviewed elsewhere in some detail and will not be elaborated extensively (1, 2) . It should be noted that to date the evidence for the presence of Ox-LDL is confined to atherosclerotic tissue. Immunocytochemical techniques have demonstrated the presence in arterial lesions, but not in normal arteries, of epitopes found in Ox-LDL. LDL extracted from arterial lesions resembles in vitro Ox-LDL with respect to physical properties, immunoreactivity with antibodies to epitopes of Ox-LDL and by its enhanced uptake in macrophages mediated by one or more scavenger receptor pathways. Finally, convincing evidence for the role ofoxidative modification in lesion formation comes from studies demonstrating that antioxidants such as probucol (17, 18) or butylated hydroxytoluene (19) can inhibit lesion formation in WHHL rabbits and cholesterol-fed rabbits, respectively. In the case of the probucol experiments, it was specifically demonstrated that probucol inhibited the uptake and degradation ofLDL in macrophage-rich lesions, while not inhibiting such uptake in normal arterial tissue (17) . Recently, a probucol analogue that retains its antioxidant activity but has no effect on plasma cholesterol levels was also shown to have prominent antiatherogenic potential in a genetically hypercholesterolemic rabbit (20) .
We have assumed that the oxidative modification occurs primarily in the intima, in microdomains sequestered from the many plasma antioxidants. We have reasoned that significant degrees of oxidative modification of LDL do not take place in plasma because of its high antioxidant content. Furthermore, our in vivo studies in guinea pigs showed that even very slight degrees of oxidation of LDL (not sufficient to increase in vitro uptake in macrophages) nevertheless led to more rapid removal of the LDL from plasma, presumably by scavenger receptors present on sinusoidal cells of the liver (2). However, plasma LDL could undergo limited degrees of oxidation, that would have no consequences while still in the vascular space; yet, when such LDL entered the intima, it might then be "primed" for more rapid oxidative modification mediated by cells. In fact, there are numerous reports in the literature suggesting differences in plasma LDL that could be attributable to such early changes of oxidation. For example, LDL isolated from diabetic rats showed enhanced TBARS and cytotoxicity (21) and others have reported the isolation of a small subfraction of LDL with a different charge (22) . Several groups have reported that LDL from smokers is more susceptible to oxidative modification and that this could be prevented by vitamin C (23) . If one could measure such early changes in plasma it might even predict which LDL were more at risk and might prove useful as an epidemiologic and clinical tool to predict differing risks for oxidative modification. It will be ofconsiderable interest to determine if any of the "operational methods" noted in Fig. 1 to measure changes in LDL during the oxidative process can be used to reliably distinguish the LDL of populations with coronary artery disease or those at increased risk for it.
Potential mechanisms by which Ox-LDL may be atherogenic Interest in studying Ox-LDL stemmed originally from observations that this modification of LDL led to its enhanced uptake in macrophages. However, the ability ofOx-LDL to cause cholesteryl ester accumulation may in part also be related to an inability of macrophages to degrade Ox-LDL as readily as native LDL, resulting in the accumulation of undegraded Ox-LDL (24) . The recent demonstration that arterial wall macrophages, isolated from cholesterol-fed rabbits, can contain as much as 600 .g ofcholesterol per mg cell protein and that they also stain for epitopes ofOx-LDL even after being in culture for several days is consistent with this suggestion (25) . In addition, the various oxidized products, such as oxidized sterols, may interfere with a variety of intracellular enzymes (26, 27) , for example, inhibiting the normal cellular processing of ingested lipids and proteins, and possibly even leading to the accumulation within the cell of toxic intermediates. It is important for future studies to investigate in detail the consequences to the macrophage of uptake of Ox-LDL.
The residence time of LDL in the intima appears to be selectively increased at certain lesion-susceptible sites even before lesion formation (28) . By increasing the time LDL is exposed to pro-oxidant conditions, this might be enough to initiate oxidative modification yet not lead to the striking changes that result in macrophage uptake. Nevertheless, such minimally modified (oxidized) LDL differs from native LDL in a number of additional ways that make it potentially more atherogenic (Table I) . It is chemotactic for circulating monocytes, which is attributable in part to the lysolecithin generated during the oxidation of LDL (2). Thus, as minimally Ox-LDL accumulates in a localized subintimal region of the artery, it may recruit further monocytes into that same area. In turn, the further accumulation of monocytes and their differentiation into tissue macrophages, which can oxidize LDL, leads to a vicious cycle, generating ever more Ox-LDL and the macrophages responsible for LDL oxidation and uptake. Presumably the normal function of a tissue macrophage, after it has accumulated localized debris, would be to exit the given tissue space and thus help remodel the damaged area. However, Ox-LDL actually inhibits the motility of tissue macrophages, thus leading to their "trapping" within the intima (2). In addition, Ox-LDL is cytotoxic to a variety ofcells in culture (8) . In the artery wall, localized accumulations of Ox-LDL may play a role in disrupting a variety of cellular processes, including macrophage motility. As noted above, during the unregulated oxidation of LDL lipids, a variety of polar, soluble products, includRole ofOxidized Low Density Lipoprotein in Atherogenesis 1787 ing polar sterols, are generated and some of these are likely to be agents that mediate this cytotoxicity (8) . In experimental atherosclerosis caused by cholesterol feeding the initial accumulation of foam cells occurs under an intact endothelium. Subsequently, the endothelium may be damaged and loss of endothelium may then occur. However, even before frank cell death one could imagine that normal endothelial function could be disrupted. For example, minimally modified (oxidized) LDL has been shown to induce expression on endothelial cells of altered surface molecules that could also play an important role in mediating the influx into the artery ofmonocytes (16) .
A research area of potentially great importance has been opened recently by the demonstration that Ox-LDL may alter gene expression in arterial wall cells. For example, Ox-LDL has been reported to inhibit the expression and production of PDGF by cultured bovine aortic endothelial cells (29) , as well as to inhibit the expression ofthe PDGF-B chain and secretion by cultured human monocyte-derived macrophages (30) . Also, Ox-LDL inhibits the expression ofTNF-a mRNA in murine peritoneal macrophages (31) . In contrast, minimally Ox-LDL stimulates the expression and secretion of M-CSF, GM-CSF, and G-CSF by human aortic endothelial cells (32), and when injected in vivo in mice, caused a 7-to 26-fold increase in serum M-CSF activity (33) . Of particular relevance was the demonstration that incubation of minimally Ox-LDL with rabbit (or human) endothelial cells stimulated the adherence of monocytes to the endothelium, presumably through increased expression ofmonocyte-specific adherence molecules (16) . Furthermore, minimally Ox-LDL stimulated transcription and secretion of monocyte chemotactic protein-l (MCP-1) by cultured human aortic endothelial and smooth muscle cells (34) and when injected in vivo in mice, increased mRNA expression ofJE (the mouse homologue of MCP-1) in liver and other tissues (33) . Using in situ hybridization, we demonstrated the presence of MCP-l mRNA in macrophage-rich regions of plaques in both rabbit and human aortas (but not in normal aortas) and demonstrated by Northern blotting that there is significant expression of MCP-1 mRNA in macrophage-derived foam cells isolated from ballooned aortas of cholesterolfed rabbits (35) . Thus, it is likely that Ox-LDL may have profound effects on the ability ofthe cells within the artery wall to produce various potent chemotactic factors, cytokines, and growth factors that play an important role in the development and progression of the atherosclerotic plaque. Currently we do not know which ofthe many different products generated during the oxidation ofLDL is responsible for these varying effects and this will be an important area of future research.
We have previously demonstrated that a variety of autologous modifications of LDL render it immunogenic. This proved to be the case also with changes that occur with oxidative modification. Antibodies to epitopes of Ox-LDL, such as MDA-lysine and 4-hydroxynonenal lysine, were readily generated by immunizing animals with their autologous LDL modified by MDA or 4-HNE, respectively (36) . Similarly, when autologous Ox-LDL was used as the immunogen, antisera were generated that reacted with the modified, but not native, LDL (36) . These (44) . Others have suggested other mechanisms, such as direct inactivation of EDRF (i.e., nitric oxide) after its release from the endothelial cells (45) , or a direct action on the vascular smooth muscle cells themselves (46) . While there seems little doubt that Ox-LDL has the ability to inhibit EDRF-mediated vasodilation, the exact mechanisms remain to be worked out.
It is likely that an increasing number of studies will be reported looking at the effects ofOx-LDL on a variety ofbiological processes, both in vitro and in vivo. As a final caveat, we would urge the reader to take note of the discussion about the variability in preparing Ox-LDL noted above and that even native LDL is readily oxidized, especially when incubated in an oxygen-containing physiological buffer. It is likely that some of the discrepancies and controversy that will arise may in fact derive from the use of "oxidized LDL" at differing stages of oxidation and containing different oxidation products. (1, 47) . The former focused on "injury" and responses to it that might account for cellular proliferation. Lipoproteins and the deposition of lipid were barely given a nod. The latter, in contrast, tended to gloss over the fact that there was cellular proliferation and injury and focused on the fact that hypercholesterolemia alone could induce the disease in experimental animals and in patients and that lipid deposition was a hallmark of the lesion. From the examples cited above, we can see that Ox-LDL can play a part in atherogenesis in ways that need not be directly related to its role in lipid deposition. For example, through its cytotoxic effects on endothelial cells (48) it could actually induce the sequence of events originally envisioned in the endothelial injury hypothesis. Its chemotactic activity, direct and indirect, could play a role in the recruitment of monocytes, a very early event in experimental atherosclerosis induced by cholesterol feeding (34, 49) . By stimulating release ofM-CSF (32) it may affect growth and maturation of macrophages and subsequent release ofother cytokines and growth factors. All ofthese phenomena would be expected to be more evident when the concentration of LDL is high because the relative concentration of Ox-LDL would then also be high. Thus, there would be an excellent correlation between the deposition oflipid in the lesion, on the one hand, and these cellular effects of Ox-LDL, on the other. The accumulation of lipid per se need not necessarily be ofcentral importance in the proliferative aspects of the disease. In fact, it has been speculated that the uptake of Ox-LDL by the macrophage in early stages of atherosclerosis may be beneficial rather than harmful (50) . By taking up and sequestering Ox-LDL it may actually protect cells, including endothelial cells, from its cytotoxic effects. Later, when the macrophages have become excessively loaded with lipid and die, the net effect may be harmful because of the release of cytotoxic components from lipid-laden macrophages. In other words, the macrophage may play a protective role early but a pathogenetic role later in the course of atherogenesis. In part, the transition from fatty streak to more complicated lesions might be a consequence of the necrosis of older cholesterol-loaded macrophages in the intima.
Thus, we now can understand how hyperlipoproteinemia could of itself be a sufficient basis for initiating the atherosclerotic process in all its manifestations, including the cellular proliferation and matrix deposition. As recently shown in vitro, components of oxidized lipid can also stimulate collagen gene expression, at least in fibroblasts (51) . Thus, there could be a link between matrix formation and oxidation as well. As already mentioned, many additional factors undoubtedly affect the rate and extent of lesion progression at any level of hyperlipoproteinemia and much remains to be learned in this connection. Finally, we can now see that the accumulation of lipid per se, while certainly contributing to the plaque and the narrowing of the vessel's lumen, nevertheless need not be directly contributing in a major way to the early "pathogenesis" of the fatty streak. The damage may be done primarily by oxidized LDL (or its oxidation products) before or coincident with the delivery of lipid to arterial cells.
Factors potentially affecting the oxidation ofLDL in vivo
While evidence continues to accumulate supporting an important role for oxidative modification in atherogenesis, ultimately a clinical test ofthis hypothesis in man will be needed to demonstrate that inhibition of oxidation of LDL will inhibit the atherogenic process. To design effective clinical trials, one must understand those factors responsible for LDL oxidation in vivo. Conceptually, one can group such factors into two classes: first, those intrinsic to LDL, i.e., compositional and structural factors increasing or decreasing susceptibility of a given LDL to oxidation; and second, those extrinsic to LDL, i.e., factors in plasma or tissues that promote or inhibit oxidation of LDL (Table II) .
The nature of the substrate for lipid peroxidation, mainly the polyunsaturated fatty acids in lipid esters and cholesterol, is a dominant influence in determining susceptibility. As noted by Esterbauer et al. (52), there is a vast excess of polyunsaturated fatty acids in LDL, in relationship to the content ofnatural, endogenous antioxidants. The importance ofthe fatty acid composition was impressively demonstrated by our recent studies of rabbits fed a diet high in linoleic acid (18:2) or in oleic acid (18:1) for a period of 10 wk. LDL isolated from the animals on oleic acid-rich diet were greatly enriched in oleate and low in linoleate. This LDL was remarkably resistant to oxidative modification, measured either by direct parameters oflipid peroxidation (i.e., TBARS and conjugated dienes) or by the indirect criterion of uptake by macrophages (53) . (Whether Others, including size of particle, inherent properties of apo B, location of fatty acids (e.g., on surface phospholipids or in core triglycerides or cholesteryl esters) B. Factors extrinsic to LDL 1. Potential variation in cellular prooxidant activity (e.g., genetic variation in macrophage expression of 15-lipoxygenase activity or cellular superoxide anion secretion) 2. Concentration of plasma and extracellular fluid prooxidant components (e.g., trace metal concentrations) 3. Concentrations of plasma and extracellular fluid antioxidant components (e.g., ascorbate, urate) these dramatic effects were due to simple depletion of the linoleic acid or enrichment of the monounsaturated acid, or a combination, is as yet unknown). In a recent study, human volunteers were fed a similar oleic acid-rich diet. When their LDL was tested for susceptibility to oxidative modification, it was reduced albeit to a lesser degree than that noted in the rabbit studies (54) . These studies demonstrate the feasibility of dietary modification of LDL fatty acid content in order to reduce its susceptibility to modification.
The antioxidant content ofLDL obviously plays an important role in protecting LDL from oxidation. In the most dramatic example, the use ofthe lipophilic agent, probucol, which is transported within the LDL particle and has an antioxidant potential at least four times that ofvitamin E, can dramatically protect LDL from in vitro-mediated oxidative modification (55) and can ameliorate atherosclerosis in hypercholesterolemic rabbits (17, 18) . In man, vitamin E, ,8-carotene, and ubiquinol-10 all appear to be endogenous antioxidants in LDL (52, 56) . Epidemiologic data suggest a negative correlation between coronary disease and levels of vitamin E (57), and a preliminary report suggested that daily p3-carotene ingestion might be of importance in the secondary prevention of CAD (58) . Clinical studies are needed relating dietary content ofvitamin E and ,8-carotene to their content in plasma LDL and their ability to protect LDL from oxidative stress.
A third potential variable determining the susceptibility of LDL to oxidative modification is variability in intrinsic phospholipase A2 activity (2, 12). As discussed above, this activity is required for the oxidative modification of LDL. Variation in this activity could thus lead to differences in susceptibility of LDL to modification. Finally, a variety of other factors such as the size of the particle, intrinsic properties of apo B, and the location of the susceptible fatty acids (on the surface or in the core) could theoretically influence the susceptibility of a given LDL to oxidative modification.
As discussed above, it is most likely that oxidative modification of LDL occurs primarily in the intima in microdomains protected from the various antioxidants found in plasma and in the bulk extracellular space. Under appropriate in vitro conditions all ofthe cell types found in the artery can oxidize LDL. In part this may be mediated by the ability of cells to secrete reactive oxygen species, such as superoxide anion. However, 15-lipoxygenase activity in cultured endothelial and smooth muscle cells appears to play a dominant role in the ability of these cells to oxidatively modify LDL (10) , and recent data supports the presence of this activity in macrophages as well (1 1 (52, 61) . Presumably this occurs by interaction of vitamin C with these lipophilic antioxidants at a lipid-water interface. In fact, administration of vitamin C has been reported to decrease the enhanced susceptibility to oxidation of LDL isolated from smokers (22) . The effect of vitamin C on established experimental models of atherosclerosis needs to be ascertained. In vitro, HDL can partially protect LDL from oxidation mediated by cells or by copper (62) . Little is known about the rates of flux of HDL or its residence time in the artery wall. Variations in localized concentrations of HDL could play an important role in preventing the formation of Ox-LDL and in part this effect of HDL could explain the protective role of HDL that has been demonstrated by epidemiologic studies. Finally, factors that prolong the residence time of LDL in the artery wall may allow oxidative modification to proceed to a greater extent. LDL has a high affinity for proteoglycans and localized differences in their content could be an important factor in the localization of lesion formation (63) . Similarly, Lp(a), which may have enhanced binding to such complexes, may thus be more susceptible as well (63 
